Details of structure and composition at interfaces may be obtained by Small Angle Neutron Scattering (SANS) contrast variation. At the curved oil/surfactant/water interfaces of microemulsion droplets useful results may be obtained by simultaneous fits of core-shell models to SANS data measured at different scattering contrasts. Results for small ethyl octanoate/ dimethyldodecylamineoxide /water droplets, where the oil core penetrates the surfactant layer, will illustrate this method. For block-copolymer micelles with deuterated poly(lactic acid) core, the composition profiles of thicker poly(ethylene glycol) shells were obtained using a model with a vertical step and two diffuse shells. One of the three water contrasts used was close to the "mean contrast" match point for the whole micelle, as opposed to "shell" contrast, providing a peak in the form factor very sensitive to the model used.
Introduction
The very different neutron scattering lengths of hydrogen and deuterium are exploited in SANS experiments to reveal details of structure and composition at interfaces. In the case of microemulsion droplets useful results may be obtained for oil/surfactant/water interfaces by simultaneous least squares fits to core, shell and drop contrasts (Eastoe et.al. 1996a , 1996b , 1997a , 1997b , Bumajdad et.al.1998 ) . The terminology is explained further below, but typically both deuterated oil and water are used with the usual hydrogenous surfactant, as D/H/H, D/H/D and H/H/D combinations of oil/surfactant/water for core, shell and drop contrast respectively. For example in the core contrast the scattering density of the interior core of the droplet is the same as, or at least close to, that of the solvent.
Though fits to SANS from a shell contrast alone should give both a core radius and shell thickness actual results are often misleading due to neglect of finer details of the interface. The weak oscillation at high Q in the "shell" contrast SANS is also very sensitive to polydispersity and the absolute SANS intensity to the composition of the shell (Eastoe et.al. 1996a) . Good data, on an absolute scale, at relatively high Q, for three contrasts allows, for example, the penetration of oil into a surfactant shell to be determined along with a more reliable shell thickness. For a number of water-in-oil microemulsions we have shown that there is in fact little, if any, oil penetration of the surfactant shell unless an asymmetric di-chain surfactant is used (Bumajdad et.al.1998) . The same methodology has now been extended to four contrast studies of mixed surfactant microemulsions (Bumajdad et.al.1999) , which enables the surfactant composition at the interface to be verified in-situ via a second "shell" contrast in which only one of the two surfactants is deuterated. The use of model fitting allows polydispersity to be decoupled from the radial scattering density of the droplets. Simple theories connect polydispersity to measures of interfacial bending energies. Systematic measurements of surfactant films at their natural radii of curvature has shown that SANS polydispersity indices provide bending energies consistent with those from dynamic surface tension (Eastoe et.al. 1997c) . In both methods the SANS mean radius of the interface is required.
Theory
SANS of "shell" contrast systems has particularly been exploited by others to obtain density profiles of quite thick polymer layers (Fleer et.al. 1993) assuming the radius of the interface to be infinite. For thinner, curved, surfactant shells of microemulsion or micellar particles the SANS patterns are not as sensitive to the shape of the scattering density profile across the interface, but nevertheless much may be learnt.
The absolute SANS intensity for N discrete particles per unit volume, in solution is given by:
is the form factor or shape factor for the particle, and S'(Q) is the interparticle structure factor S(Q) modified to allow for polydispersity and/or non-spherical shapes of the particles (Hayter & Penfold, 1983 , Kotlarchyk & Chen, 1983 .
For very dilute systems S(Q) tends to unity, and is often ignored.
For core/shell particles with core of radius R C and shell thickness δ, F(Q) is a sum of terms for the core and shell:
Where ρ C , ρ S , and ρ B are the neutron scattering length densities of the particle core, shell and background solvent respectively, and V C , V T the volumes of the core and total core plus shell.
For a spherical particle or shell:
Polydisperse particles are treated by integrating equation (1) over a particle size distribution function N(R), assuming the decoupling approximation is valid, in that particle interactions are independent of their size, shape or orientation, so that a single effective S(Q) is valid. Here we use for N(R) a Schultz distribution (Kotlarchyk & Chen,1983) which is similar to a log-normal.
For core, shell and drop contrasts the deuteration of the core and/or background is arranged such that respectively, ρ S ≈ ρ B, ρ C ≈ ρ B and ρ C ≈ ρ S . When the shell is thick relative to the core a fourth contrast, which would else wise have little actual intensity, may be useful. In the 'average' contrast case
If ρ C and ρ S are different, say one region is deuterated, then the form factor P(Q) in equation (1) has a peak. The appearance of a peak is thus not always indicative of an inter-particle S(Q). On long distance scales, at small Droplet interfacial structure studied by SANS contrast variation Q, the scattering is tending to zero since the average, long range, contrast is zero. At shorter distances the local, shell, structure is still visible. This was explained by Ottewill (Markovic et.al., 1984) who found cases of a 'negative Guinier radius'.
SANS from core/shell systems

Numerical examples.
It is important to be aware of where the SANS data is most influenced by the details of structure and composition that we wish to find. Since equations (1) -(4) do not scale linearly with radius, trial calculations for particular systems using the FISH program (Heenan, 1989 ) provide useful insights.
Figure 1
Numerical examples of SANS from shell contrasts: (a) Neutron scattering length density profiles (in 10 10 cm -2 ) for a mean core radius of 40 Å, a uniform hollow shell, slab, profile (dash) 15 Å thick provided SANS data which were then fitted by the linear decreasing (line), brush ( dot-dash ) and concave (dot) profiles, assuming the radius and scattering density of the core particle were known, and allowing the thickness of the shell to adjust. (b) SANS of hollow shell (dash) and best fits to it by the other profiles in (a). Schulz distribution of core radii had polydispersity 0.15. In a real experiment background noise might be of order 0.01 cm -1 . Figure 1(a) illustrates shell scattering length density, sld, (composition) radial profiles where three different diffuse profiles, that might be representative of solvent penetrating a surfactant layer, have been fitted to SANS data for a normal 15 Å thick hollow shell of uniform density ( the slab shape, dashed lines in Figure 1 ). In each case it is assumed that the mean radius ( 40 Å ) and sld of the core are known.
The equation for SANS from the linear decreasing shell is given by an integration of equation (3) by Eastoe et.al. (1996b) . The two parabolic profiles, brush (commonly used for polymers) and concave are approximated by 5 or 6 linear sections (with appropriate constraints, thus each fit has the same number of parameters ). The SANS data show that, as might be expected, the most diffuse sld profile, with the largest particle radius falls more steeply. A scale factor and the overall thickness of each of the diffuse shells was allowed to adjust. In a real situation a further constraint on the mass of material in the shell might also be included, where this information is known. Note that though the shapes of the SANS curves are similar they become quite distinct at higher Q, well within the limits of instrumental resolution, assuming that the composition and radius of the core are known. This highlights the needs for data over a broad Q range, on absolute scales, with corroborative information from other contrasts and bulk density measurements.
Small droplets EC/DDAO/water
Recent results from a very small, biocompatible, oil in water system stabilised by N,N-dimethyldodecylamine-N-oxide (DDAO) quantify mixing of the ethyl octanoate (ethyl caprylate, EC) oil core into the surfactant tails ( as suspected from spectroscopic evidence). The model must also allow for the presence of a quite strong S(Q) from interparticle repulsion (Lawrence & Barlow, 1999) . Drop contrast simply used D 2 O solvent, whilst core and shell contrasts required deuterated EC oil phase. The combined sum of weighted squared errors for data sets at three different contrasts improved by a factor of 5 on allowing the oil core to mix with the surfactant tails to 29 (±2) % vol ( Figure 2 ).
The surfactant head group was included as a separate shell, of thickness ~ 1.25 Å, which has a minimal effect on the data. Though the DDAO surfactant is notionally uncharged, its dipole moment leads to interparticle interactions considerably stronger than hard sphere for both microemulsion and micellar solutions (not considered here). An S(Q) was included based on the mean-spherical approximation model of Hayter & Penfold (1981) , which even at the 1.4 % dispersed volume shown here suppresses the small Q intensity by about 15%. The oil is assumed uniformly distributed within the DDAO tail spherical shell. Scattering length densities were all assumed from bulk densities. Further fits with profiles as in Figure 1 have not yet been attempted, though the quality of fit has little scope to improve. SANS data were recorded on LOQ at the ISIS pulsed neutron source (Heenan et.al. 1997) . LOQ uses neutron wavelenghts of 2.2 to 10 Å simultaneously by time-of-flight with a 4m sample to detector distance. Wavelength dependent corrections are required for sample transmission, detector efficiencies and incident spectrum. Smearing in Q for instrument resolution was not significant for these small particles. SANS from ethyl octanoate/dimethyldodecylamineoxide/water (EC/DDAO/ water) microemulsion, drop contrast multiplied by 25 (Dx25 ), shell multiplied by 5 (Sx5), and core contrast (C). Lines are simultaneous fit by a polydisperse drop ( mean radius Rmean 31.4 Å, polydispersity σ/Rmean 0.179 ). RCORE/RDROP is held constant to maintain oil:surfactant for all droplets for a given shell composition. For the best fit shell is ~ 14.3 Å thick and contains 29( ± 2) % vol oil. Fitted sample volume fraction 1.35%, expected 1.42%, agrees within likely errors. Fits include charged sphere S(Q) as shown (dashed) which suppresses small Q intensity by ca. 15 %. Dotted lines are best simultaneous fit with no EC oil mixing into DDAO. All fits have flat backgrounds adjusting, which have much less reasonable values in the latter case.
Large micelles PLA(d)/PEG/water
The data in Figure 3 is from a larger core/shell particle, where now information on the actual density distribution within the shell is forthcoming, but the particle radius is not large enough for conventional "flat" interface approximations and transform methods (Fleer et.al., 1993) . Block copolymers PLA(d)/PEG of fully deuterated poly(lactic acid) with hydrogenous poly(ethylene) glycol were specially synthesised for neutron measurements on LOQ at ISIS. The PLA is essentially insoluble in water so forms the core of a micelle. Aqueous nanoparticles were generated by adding drops of an acetone solution to D 2 O, followed by nitrogen purge to remove acetone and further purification.
When the solvent scattering density is close to completely matching that of the whole particle a peak in the particle form factor F 2 (Q) appears which is large enough to be measured, see Figure 3 (d). The composition profile in Figure 3 (a) required for a simultaneous fit of data from three contrasts is remarkably well defined; found first by trial and error and then by Marquardt type least squares fits. A pair of diffuse shells in the radial profile allowed the model to include a local maximum in the PEG shell profile, but the data did not support this. The outermost radius of the PEG was fixed at the hydrodynamic radius determined by photon correlation spectroscopy. The density polydispersity, local structure and composition. of the deuterated PLA core was uncertain and was included as a parameter in the fit. Further investigations are in progress to verify the sharp interface between PLA and PEG suggested by the SANS fits. Together with light scattering and NMR measurements a detailed
Figure 3
PLA( 3kDa) -PEG ( 5kDa) block copolymer micelle in water, ~ 2% vol. (a) Volume fraction profile using core, sharp step and two diffuse shells, PLA core has mean radius 58 Å, polydispersity 0.28, PEG shell has constant overall thickness, for simultaneous fit to SANS data in (b) 100 % D2O, drop contrast, data divided by 5, (c) 80% D2O-20% H2O, close to shell contrast, (d) 65% D2O-35% H2O, close to average contrast. Plots (b) and (c) displaced vertically for clarity. Samples (c) and (d) were actually solutions as (b) diluted with H2O, allowed for in fits. picture of these copolymer micelles, used for drug delivery, is being built up (Riley et.al. 1999 ).
Conclusions
We have briefly reviewed some of our earlier work using SANS contrast variation to obtain the structure and composition of interfaces within water/oil microemulsion droplets. SANS data from shell contrasts is sensitive to composition profiles as well as polydispersity, given constraints applied from other contrasts and measured densities. Illustrated here were theoretical calculations and work on oil in water microemulsions and block copolymer micelles that complement on going studies of water in oil microemulsions. Direct and systematic model fitting, unlike Fourier transform methods, allows immediate decoupling of polydispersity, assessment of where in the data particular information is obtained and inclusion of residual flat backgrounds. For thicker layers, the peak obtained close to the average match point provides further information. In fact one may generalise to state that the weak signals obtained close to match points provide increasingly more information about particle polydispersity, local structure and composition. Careful measurements on well-characterised systems, utilising new or proposed high flux neutron sources should provide excellent opportunities for colloid and polymer science.
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